• Premise of the study : Wood density correlates with mechanical and physiological strategies of trees and is important for estimating global carbon stocks. Nonetheless, the relationship between branch and trunk xylem density has been poorly explored in neotropical trees. Here, we examine this relationship in trees from French Guiana and its variation among different families and sites, to improve the understanding of wood density in neotropical forests.
• Methods : Trunk and branch xylem densities were measured for 1909 trees in seven sites across French Guiana. A major-axis fi t was performed to explore their general allometric relationship and its variation among different families and sites.
• Key results : Trunk xylem and branch xylem densities were signifi cantly positively correlated, and their relationship explained 47% of the total variance. Trunk xylem was on average 9% denser than branch xylem. Family-level differences and interactions between family and site accounted for more than 40% of the total variance, whereas differences among sites explained little variation.
We performed a Breusch -Pagan test (lmtest package for the program R; Zeileis and Hothorn, 2002 ) , which fi ts a linear regression model to the residuals of a linear regression model (using the same explanatory variables). There was no signifi cant effect of the core length on the variability of the trunk xylem density ( P = 0.40). A major axis (MA) analysis was then performed to explore the relationship between trunk and branch xylem densities using the smatr package for R ( Warton, 2007 ; R Development Core Team, 2008 ) . Standardized major axis (SMA) and major axis line fi ts are identical when the variance of the two data sets is similar ( Warton, 2007 ) , and for testing that the slope of the relationship is one, they are identical ( Warton et al., 2006 ) . Here, as we compare branch and trunk xylem density, we chose, for simplicity, to skip the step of standardizing the data. Nevertheless, we repeated our overall analysis using SMA and found that it gave quantitatively identical results to MA. Thus, we present the simpler MA approach.
Separate MA line-fi ttings were subsequently performed for the 14 most common families, each with more than 40 sampled individuals, as well as for the seven sites. After a major axis estimation, the variance explained by the relationship was partitioned by comparing the slope coeffi cients to estimate the variance explained by families and sites, as well as their interaction. This step was done by fi rst calculating the MA slopes and standard errors for each combination of site and family. We then constructed a random effects model that predicted log-transformed slope coeffi cients, weighted by their standard errors, by family, plot, and their interaction (as suggested by D. Warton, University of New South Wales, personal communication). This model yielded an effectively perfect fi t, meaning that F -tests were unreliable, but provided sums of squares that were used to calculate the percentage of variance explained by each factor. Log-transformation of the slope coeffi cients allowed them to approximate a normal distribution.
RESULTS
Overall mean density values of trunk and branch xylem density were 625 ± 122 (SD) kg · m − 3 and 607 ± 114 (SD) kg · m − 3 , respectively. There was great variation in both trunk xylem density (range: 237 -949 kg · m − 3 , coeffi cient of variation: 19.4%), and in branch xylem density (range: 201 -960 kg · m − 3 , coeffi cient of variation: 18.9%).
The densities of branch and trunk xylem were strongly positively correlated ( Fig. 1 ) . The slope of the major-axis line fi t was slightly but signifi cantly greater than unity (slope: 1.09, CI: 1.04 -1.15, P = 0.0003, N = 1909), and the intercept was significantly negative ( − 38.15, CI: − 70.3 to 6.05, P = 0.020), indicating that trees with dense trunks have relatively light branches. Though the relationship was strong ( R 2 = 0.47), substantial variation remained unexplained.
We partitioned the variance explained in the overall branchtrunk xylem density relationship among families, sites, and their interaction ( Table 1 ) . Variation among families explained four times as much variance than did variation among sites (family: 16.1%, site: 5.4%). Furthermore, 25.4% of the variance in the relationship was explained by the interaction between sites and families, indicating that the slope of the relationship for a given family varied among sites.
To explore the variation among families and sites, we calculated separate regressions for each, and tested their slopes and intercepts against the values from the overall data set ( Figs. 2, 3 ) . Family-level, mean xylem densities varied widely, from 475 in Malvaceae to 748 kg · m − 3 in Chrysobalanaceae ( Fig. 2 ) . Even so, the branch -trunk xylem density relationship differed significantly from the community-level expectation in only three families. In Lauraceae, individuals with particularly dense trunks have relatively less dense branches, causing the slope of the branch -trunk relationship to be greater than the communitylevel slope and the intercept to be signifi cantly less (slope: 1.36, CI: 1.11 -1.68, P = 0.0305, N = 112). In Sapindaceae and Sapotaceae, variation in branch xylem density correlates with changes in soil chemical composition at the landscape scale ( Pati ñ o et al., 2009 ), but whether a comparable variation occurs in terms of trunk xylem density remains unknown.
On the other hand, taxonomy also constrains the wood density values of tropical trees ( Chave et al., 2006 ( Chave et al., , 2009 . This variation has important consequences for the hydraulic, mechanical, and physiological performance of wood and may affect the costs of maintenance respiration ( Larjavaara and Muller-Landau, 2010 ) . Moreover, the anatomical structure of wood has also a strong infl uence on wood density by controlling the proportion of carbon (i.e., wood tissue) allocated in a given wood volume. Anatomical structure of wood also varies ontogenetically and taxonomically, with the potential to generate differences in the relationship between branch and trunk xylem density in different families. Despite the important implications for both comparative ecology and carbon stock estimates, the generality of this relationship has yet to be examined for a large number of angiosperm species.
We expect differences in the allometric relationship between trunk and branch xylem density among sites and major taxonomic groups. In this paper, we present a comprehensive evaluation of the relationships between branch and trunk xylem density for 1909 tropical trees, representing 57 families, 205 genera, and 565 species, that were sampled in seven permanent plots, and we evaluate how this relationship varies among families and sites across northern French Guiana.
MATERIALS AND METHODS
Study sites and fi eld sampling -As part of the BRIDGE project (http://www. ecofog.gf/Bridge), three individuals of every species with a diameter at breast height (DBH) > 10 cm were sampled for both trunk and branch sapwood (functional xylem) density in seven permanent 1-ha plots in French Guiana between November 2007 and September 2008. Sampled sites were distributed across northern French Guiana and covered a wide range of soil types and a strong precipitation gradient. Rainfall varies from 2600 mm/year in the most western site to 4000 mm/year in some eastern sites (for full fi eld sampling methods, see Baraloto et al., 2010 ) ; details of each site are provided in Appendix S1 (see Supplemental Data online at http://www.amjbot.org/cgi/content/full/ajb.1000034/DC1).
For the trunks, a 7-mm diameter core sampler was used to extract recent sapwood at 1.3 m above ground level. Bark and cambium tissue were removed manually from each core, and cores were resampled until a representative sample that did not break was obtained. Cores were 6 mm long (2.4 SD, range 2 -10 mm), depending on the hardness of the sampled wood, and extended only into sapwood. The samples were placed in a 2-mL plastic tube, stored at − 20 ° C in a portable freezer in the fi eld, and transported to a laboratory at Kourou, French Guiana for density measurements.
For branch sampling, a small branch, bearing sun-exposed leaves whenever possible, was cut from each tree by a professional climber and a 10 -20 mm diameter twig segment was placed in a plastic bag with a zipper seal to avoid desiccation, stored at − 20 ° C immediately in the fi eld, and then transported to the laboratory. Additionally, herbarium specimens were made for every sampled individual to establish its botanical identity (Appendix 1). All voucher specimens are deposited in the Herbier de Guyane (CAY); a complete list of the studied taxa is shown online in Appendix S2.
Laboratory measurements -Trunk xylem density was calculated as the dry mass per fresh volume of each sample. Samples were saturated with water and fresh volume was estimated using the principle of water displacement and the Sartorius (Goettingen, Germany) density determination kit. After fresh volume was measured, samples were dried at 103 ° C for 72 h, and dry mass was determined. For twig samples, outer bark, phloem, and pith wider than 1 mm in diameter were removed, and densities were estimated using the same procedure as for trunk samples.
Statistical analysis -We fi rst verifi ed that there was no relationship between the length of core samples and the variability of the trunk xylem density.
DISCUSSION
Across seven French Guiana rain forests, we found trunk xylem to be slightly but signifi cantly denser than branch xylem. To our knowledge, few studies have assessed the variation in density between branches and trunks of the same individual tree. A study of two Ghanaian timber species found overall branch density to be greater than average trunk density in both ( Okai et al., 2004 ) , whereas a study of 19 tree species in Puerto Rico found trunks to be an average of 15% denser than branches ( Swenson and Enquist, 2008 ) . In the present study, which included 565 species, we found trunk xylem density to be on average 9% greater than branch xylem density ( Fig. 1 ) . Our results thus concur with those of Swenson and Enquist (2008) in that we found trunks to have overall denser wood than do branches. Swenson and Enquist (2008) further reported a very tight relationship between trunk and branch density ( R 2 = 0.89), whereas we found this relationship to be far noisier ( R 2 = 0.47). This difference in relationship strength is not simply methodological. Our cores sampled only sapwood, were no more than 10 mm long, and showed no relationship between core length and variance in xylem density. Swenson and Enquist (2008) took cores up to 100 mm long, thus probably including both sapwood and heartwood, which can differ in density ( Parolin, 2002 ; Woodcock and Shier, 2002 , Williamson and Wiemann, 2010 ) and which occur in different proportions relative to tree size, species, and site ( Panshin and de Zeeuw, 1980 ) . Next, we discuss several factors that may affect within-tree variation in wood density and thus may help explain deviations from this allometric relationship.
One factor affecting the vertical distribution of wood density within individual trees is that growth strategies and architectural models differentially allocate carbon between trunks and branches ( Hall é et al., 1978 ; Woodcock and Shier, 2002 ) . To the extent that such growth strategies are phylogenetically conserved ( Keller, 2004 ) , we would predict differential allometries among trees from different families. Indeed, we did fi nd strong evidence not only for family-level differences in average xylem density, but also in the allometric relationship between branches and trunks ( Fig. 2 ) , which is consistent with the phylogenetic conservatism of wood density in neotropical trees found by Chave et al. (2006) . However, there is no apparent general pattern relating these differences to growth strategies. For example, tree families with trunk xylem density higher than branch xylem density generally had a shallower allometric slope ( Fig. 2 ), but these included both Sapotaceae (shade tolerant canopy and subcanopy trees, often caulifl orous, trunks monopodial and, for Micropholis , sympodial) and Sapindaceae (heliophilic subcanopy and understory trees, trunks mostly sympodial). Similarly, families with steeper allometric slopes included both Lauraceae (canopy and subcanopy trees, mostly monopodial trunks) and Lecythidaceae (canopy trees with sympodial trunks).
Variation in wood anatomical structure may further affect the relationship between branch and trunk xylem density. Wood density refl ects the amount of wood tissue (i.e., cell wall substance) per unit volume, which varies accordingly to the size of the cells, the thickness of the cell walls, and the proportion of each cellular type in the xylem. Our results may refl ect the anatomical variation observed in the xylem and its tight correlation with density values. For example, compared to main stems, branches have shorter, narrower tracheids and vessels, narrower growth rings, more numerous rays, higher vessel density, and lower vessel volume ( Gartner, 1995 ) , which may differentially the opposite relationship was observed, in that individuals with particularly light trunk xylem tended to have denser branch xylem, leading to a signifi cantly shallow slope and positive intercept (Sapindaceae, slope: 0.50, CI: 0.23 -0.85, P = 0.0056, N = 51; Sapotaceae, slope: 0.83, CI: 0.67 -1.02, P = 0.0097, N = 226).
Variation among sites was less substantial ( Fig. 3 ) . In one plot, Nouragues-11L, the slope of the branch -trunk relationship was steeper than that of the community-level relationship (slope: 1.24, CI: 1.11 -1.40, P = 0.030). In contrast, in Lavilette, the slope of the branch -trunk relationship was shallower than that of the overall data set relationship (slope: 0.85, CI: 0.69 -1.03, P = 0.0095). And in a third plot, Tresor, trunks were slightly, though consistently, less dense than branches (intercept: − 81, CI: − 160 to − 2.44, P = 0.043). The substantial interaction between families and sites in explaining variance in the overall branch -trunk relationship occurred because families had different slopes in different sites. We illustrate this interaction with Fabaceae in Fig. 3 . In Acarouany, the slope of the branch -trunk relationship for Fabaceae was signifi cantly shallower than the slope for non-Fabaceae individuals. In Nouragues, the situation was reversed, with Fabaceae having a much steeper relationship between branch and trunk density than did non-Fabaceae. the need for further studies investigating intraspecifi c variation in wood density across broad environmental gradients.
Estimates of aboveground biomass (AGB) in tropical forests are crucial to our understanding of the impact of climate change on the global carbon cycle ( Saatchi et al., 2007 ) , and wood density is an important variable for accurately estimating carbon stocks ( Baker et al., 2004 ; Nogueira et al., 2005 Nogueira et al., , 2007 Malhi et al., 2006 ) . Our fi nding that trunk xylem density is slightly but signifi cantly greater than branch xylem density suggests that estimates based solely upon measures of trunk density lead to slight overestimates of AGB. On the other hand, applying branch estimates obtained via less-destructive sampling may underestimate aboveground biomass because of the 9% mean difference in xylem density between branches and trunks. To test this possibility, we estimated AGB using the xylem density values of branches and trunks separately in our seven French Guianan forests. Then, we estimated trunk xylem density using branch xylem density and the equation in Fig. 1 ( Table 2 ). Estimates of AGB based solely on branch xylem density values varied among plots and were 4 -12% lower than estimates using trunk xylem density, suggesting that in some sites the large trees, which contribute predominantly to AGB, belong to species for which branches are especially less dense than trunks. Calculations using estimated trunk xylem density were very similar to the values obtained from measured trunk xylem densities, underlying the utility of our model to predict biomass in studies in which only branch density is measured. Even though differences between branch and trunk xylem density may be offset by radial or even vertical variation in trunk wood density, it is important that we understand all these sources of variation affect density. Moreover, because branches are subject to nonvertical strain, they tend to develop tension wood more frequently than do trunks, resulting in higher overall density values ( Panshin and de Zeeuw, 1980 ) . Anatomical variation may also be shaped by ontogeny as, for example, vessels may be subject to infi lling by secondary material, resulting in increasing wood density with wood age. All these factors highlight the need for future studies involving information on the age, position, and anatomical structure of branches to determine the infl uence of these potential sources of variation on the relationship between trunk and branch wood density.
A third potential explanatory factor for deviations from the general allometric relationship is environmental variation. Among-site variation in wood density has been reported in several studies ( Gonzalez and Fisher, 1998 ; Baker et al., 2004 ; Muller-Landau, 2004 ; Chave et al., 2006 ; ter Steege et al., 2006 ) . Perhaps more importantly, some evidence suggests that wood density can vary with environmental conditions within species. For example, soil nutrients, water availability, altitude, and temperature are suggested as important factors infl uencing intraspecifi c variation in wood density across environmental gradients ( Beets et al., 2001 ; Pati ñ o et al., 2009 ). In our data set, variation among sites had relatively little impact on the relationship between trunk and branch xylem density, possibly because we sampled relatively few sites, all of which occurred on lowfertility terra fi rme soils ( Table 1 ; Fig. 3 ) . Nonetheless, the site by family interaction explained 25.4% of the variance in the branch -trunk xylem density relationship, such that many families had different allometries in different sites ( Fig. 3 ) . Still, it remains diffi cult to derive a general pattern from our results, underlining to improve AGB estimates. In particular, covariates that might explain within-tree variation, such as branch location and tree and branch size, should be explored. In addition, studies of variation in the vertical distribution of wood specifi c gravity over gradients of precipitation and soil fertility will be important to understand the mechanisms behind this change in allometry and their interactions with fl oristic turnover (e.g., ter Steege et al., 2006 ) . Such studies will provide a better understanding of within-tree variation in wood density, allow better insight into the carbon budgets of individual trees, and improve estimates of carbon stocks in tropical forests. (20) 402 (64) a Using the model detailed in Fig. 1 Swenson , N. G. , and B. J. Enquist . 2008 . The relationship between stem and branch wood specifi c gravity and the ability of each measure to predict leaf area. 
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